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StratiﬁcationAn Arabidopsis gene trap line (GT606), which disrupted the AtCSP1 gene, exhibited an early germi-
nation phenotype that was affected by stratiﬁcation treatment. Comparative analysis of GUS expres-
sion in seeds at the early germination stage, with or without stratiﬁcation, demonstrated that
AtCSP1 expression was affected by cold temperature. Evaluation of germination assays with varying
concentrations of ABA or NaCl revealed a reduced sensitivity of the atcsp1 mutant to both ABA and
NaCl. Taken together, these data support the hypothesis that AtCSP1 affects early stages of seed ger-
mination subsequent to stratiﬁcation treatment of seeds.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Seedgermination isdeﬁnedas a process that results in radiclepro-
trusion subsequent towateruptake indesiccated seeds. The initiation
of germination is controlled by the balance between themaintenance
of seed dormancy and the establishment of seed germination. Proper
dry storage of ripened seeds and stratiﬁcation by a moist chilling
treatment are important factors for breaking seed dormancy. In addi-
tion, this complex process is determined by external environmental
factors such as light, cold temperature, time after ripening and inter-
nal factors such as phytochromes, hormones and chemicals such as
ABA, GA, KNO3 andNO3 [1–3]. A cold treatmentwithmoisture (strat-
iﬁcation) is a very important procedure for establishing seed germi-
nation due to its involvement with the balance of abscisic acid
(ABA) and gibberellin (GA) [4]. ABA insensitive mutants, ABA-INSEN-
SITIVE3 (ABI3), FUSCA3 (FUS3), and LEAFY COTYLEDON (LEC1 and LEC2)
induce early germination, demonstrating that ABA is an important
phytohormone for seed germination [5,6]. PIF3-like 5 (PIL5), a gene
involved inGAbiosynthesis, activates ABAbiosynthetic genes and re-
presses an ABA degradation gene that results in the inhibition of seedgerminationviaABAaccumulation [7]. Therefore,ABAplaysanantag-
onistic rolewithGA topromote seedgerminationunder environmen-
tal signals such as cold and light.
As reported in other organisms, AtCSPs are involved in cold and
salt stress responses and are also functionally involved in growth
and development [8–13]. As reported in other organisms, AtCSPs
are involved in the response to low temperature stress cold stress
responses and are also functionally involved in growth and devel-
opment [8–12]. Overexpression of a bacterial cold shock protein in
maize, rice and Arabidopsis was found to result in increased stress
tolerance [14]. Among four AtCSPs, AtCSP1 (AtCSDP1; At04g36020)
was previously shown to rescue the cold sensitive mutant pheno-
type of an Escherichia coli mutant strain (BX04) which lacks four
endogenous cold shock proteins [9]. Overexpression of AtCSP1 de-
layed germination under dehydration and salt stress conditions
[15]. However, the function of AtCSP1 beyond the seedling devel-
opmental stage is not yet well understood. Within this manuscript,
we describe the early germination phenotype of a gene trap line
(atcsp1) inserted within the AtCSP1 coding region. We provide
functional evidence which indicates that AtCSP1 may function as
a regulator for the timing of seed germination.
2. Materials and methods
2.1. Plant materials and growth conditions
The gene trap line was obtained through the Cold Spring Harbor
Laboratory (Stock number: CSHL_GT606, http://genetrap.cshl.org).
Ler wild type seeds were purchased from Lehle Seeds for
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For sterilization, the surface of atcsp1 seeds were treated with
0.01% Triton/50% bleach for 7 min followed by seven rinses with
distilled water. These seeds were subsequently sown on 1
Murashige and Skoog (MS) plates, including Gamborg’s Vitamins,
1% phytoagar and 1% sucrose under continuous light conditions
(Caisson Labs, North Logan, UT).
2.2. GUS staining histological analysis
For GUS staining in young seedlings, plants were grown on MS
plates as described above. Reproductive tissues were detached
from the plants grown in MetroMix 360 (Scott Co., Marysville,
OH, USA) under long day conditions at 23 C (16/8 h for light/dark).
Collected tissues were rapidly incubated overnight at 37 C in GUS
staining buffer (50 mM Na2HPO4, 30 mM NaH2PO4, 0.4 mM K3-
[Fe(CN6)], 0.4 mM K4[Fe(CN6)], 8 mM EDTA, 0.1% Triton X-100,
10% methanol, and 1 lg/ml 5-bromo-4-chloro-3-indol-glucuronide
cyclohexylamine salt (X-Gluc)). Stained tissues were washed sev-
eral times in 70% ethanol. All images of the GUS staining results
were taken by a Nikon SMZ-U dissecting microscope equipped
with a Nikon DXM 1200 CCD camera (Melville, NY, Nikon).
2.3. Germination assays
In order to ensure that the observed differences in germination
rates were not resultant from seed quality issues, wild-type and
mutant plants were grown side by side under identical conditions
in a growth chamber to generate fresh seeds under long day condi-
tions. Fully matured seeds were dried for 1 month and were used
for subsequent germination assays. As described above, sterilized
seeds were plated on MS plates. After stratiﬁcation at 4 C for
4 days in the dark, seeds were shifted to 22 C and were monitored
under continuous light conditions. For seed treatment without
stratiﬁcation, sterilized seed were plated and immediately placed
under under continuous light conditions at 22 C. Radicle protru-
sion was used as the criterion for the assessment of differences
in germination between wild type and atcsp1 mutant seeds. The
preparation of MS plates, including various ABA and NaCl concen-
trations, was described detailed in supplemental documents.
2.4. Transient subcellular localization of AtCSP1
The coding region for the AtCSP1 gene was ampliﬁed with prim-
ers for insertion into the sGFP (s65T) GFP expression vector; 50-
TCTGTCGACATGGCTTCAGAGGATCAATCGGCGG-30 and 50-AGACCAT
GGTAGCTACAGAAGAACATTCCCTT-3. Ampliﬁed PCR products were
digested with NcoI and SalI and inserted into a pre-digested
sGFP(s65T) vector. 1 lg of prepared plasmids were coated on DM-
10 tungsten particles (Hercules, CA, BIO-RAD). Onion epidermal
cells were bombardedwith a Biolistic PDS-1000 particle bombard-
ment system (Hercules, CA, BIO-RAD) using the following bombard-
ment conditions: 25 inches of Hg vacuum, 1000 psi rupture disk,
and a 12 cm target distance. After bombardment, onion tissues
were incubated at 20 C overnight in the dark. Images were ob-
tained by a Zeiss Axioimager LSM-501 confocal microscope and
analyzed by LSM image analysis software (German, Carl Zeiss AG).
3. Results
3.1. Identiﬁcation of a Gene Trap line (GT606) as an atcsp1 loss of
function mutant
The AtCSP1 locus is comprised of a single exon, containing a
nucleotide sequence of 900 bp and a corresponding protein se-
quence consisting of 299 amino acids. As predicted by Pfamsoftware (http://pfam.sanger.ac.uk/; Fig. 1A), the AtCSP1 gene en-
codes a protein containing a well conserved N-terminal cold shock
domain and seven C-terminal CCHC retroviral-like zinc ﬁnger mo-
tifs that are interspersed by eight glycine-rich regions (Supplemen-
tary Fig. 1A).
A gene trap line (GT606) utilizing the GUS gene as a reporter
marker was selected for this study. We genotyped this line using
the Ds5-1 primer, which recognizes the dissociation (Ds) insertion
site, and gene speciﬁc primers to enable the speciﬁc ampliﬁcation
of AtCSP1. The Ds. insertion site was identiﬁed at +448 base pairs
downstream from the ﬁrst initiation codon in the AtCSP1 coding re-
gion (Supplementary Fig. 1B). Semi-quantitative RT-PCR analysis
conﬁrmed disruption of the AtCSP1 transcript under the same cy-
cling conditions for the GT606 gene trap line (Supplementary
Fig. 1C, F1 + R1).
The GT606 line contains the GUS gene as a reporter gene which
integrates into the AtCSP1 locus. This enabled us to evaluate the ef-
fect of AtCSP1 gene disruption and simultaneously monitor AtCSP1
mRNA expression patterns via GUS visualization. As shown in Sup-
plementary Fig. 1D, integration of the GUS gene was conﬁrmed
within AtCSP1 locus in GT606, but not in wild type Ler.
3.2. GUS gene expression analysis
As shown in Supplementary Fig. 1D, we took advantage of the
GT606 gene trap line (atcsp1) for functional analysis of an insertion
mutant and coupled it with expression analyses for temporal and
spatial characterization of GUS expression fused with AtCSP1 tran-
script in various tissues.
In early seedlings at 4 days after germination (DAG), cotyledons,
root tips, and the transition area between hypocotyl and roots
showed a high intensity of GUS staining (Fig. 1A). Interestingly,
GUS gene expression in cotyledons decreased following their
expansion and ﬁnally disappeared in cotyledons of 10 DAG plants
(Fig. 1B and C). GUS expression was restricted in new rosette leaf
primordia and disappeared as the leaves matured. A similar pat-
tern was observed in middle aged leaves (Fig. 1C and D). In addi-
tion, inﬂorescence meristems also showed high levels of GUS
expression (Fig. 1E). In reproductive tissues, ﬂoral buds showed
high GUS expression and within carpel tissue (Fig. 1 F and G). Dur-
ing silique growth, GUS gene expression was observed in stigmas
and the abscission zone (Fig. 1G and H). However, in mature sili-
ques, GUS expression was only observed at the abscission zone.
Immature seeds were not stained at any stage of their develop-
ment (Fig. 1G). High GUS expression was also observed in lateral
root primordia and continued at high expression levels in apical re-
gions during lateral root development (Fig. 1I). The high level of
expression in apical regions was consistent to what has been ob-
served for the other endogenous CSPs in Arabidopsis [16]. In sum-
mary, by using a gene trap line, we determined that AtCSP1 is
highly expressed during early developmental stages of develop-
ment of various tissues and its expression gradually decreases as
the tissue matures.
3.3. Germination analysis of atcsp1 and relationship to stratiﬁcation
A stratiﬁcation dependent phenotype was observed during
early seed germination in atcsp1mutants relative to wild type. Spe-
ciﬁcally, after removal from a 4 day stratiﬁcation treatment, atcsp1
seeds germinated in as early as 12 h, in contrast to 30 h for wild
type (Fig. 2A). In comparison to stratiﬁed seeds, germination was
delayed in both atcsp1 and wild type Ler when seeds did not under-
go stratiﬁcation treatment. However, under these conditions, the
germination timing for atcsp1 was delayed (18 h) later than wild
type (6 h) in comparison to germination timing from stratiﬁed
conditions (Fig. 2B). Collectively, these observations indicate that
Fig. 1. GUS expression within the atcsp1 gene trap line. (A) GUS expression during early seedling development of atcsp1 gene trap line (4 DAG); (B) 10 DAG seedlings, with
emergence of 1st and 2nd rosette leaves; (C) leaf primordia of 3rd rosette leaves in 12 DAG, D) 21 DAG plant; (E) inﬂorescence meristem from 28 DAG plant; (F) ﬂoral bud and
early ﬂower from 35 DAG plant; (G) open ﬂower and early developed silique at 42 DAG; (H) fully matured silique and opened ﬂowers of 45 DAG plant; (I) magniﬁed root
region showing localized GUS staining in developing lateral root primordia and emerging lateral roots. Note maintenance of GUS staining in lateral root tip. (A–E) GUS
expression patterns were detected from seedlings grown on MS plates under long day conditions, and (F–H) GUS staining patterns observed in reproductive tissues.
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responsiveness to stratiﬁcation relative to wild type Ler.
To monitor AtCSP1 transcription during seed germination with
or without stratiﬁcation, we analyzed GUS expression in atcsp1
grown under continuous light at 22 C. The imbibed seeds did
not show any GUS expression prior to tersa rupture under either
treatment regime (Fig. 2C). During the radicle protrusion stage at
18 h after light exposure (HAL), GUS accumulated in primary roots
and in proximity to the radicle emergence area but was not highly
expressed within the endosperm. At 24 HAL, GUS expression ex-
tended to cotyledons and the growing primary root. After 36 h,
GUS expression was concentrated in roots and hypocotyls and
opened cotyledons. In the case of germinated seeds without strat-
iﬁcation, GUS expression was detected from the pre-germination
stage (Fig. 2C, 24 HAL). However, GUS staining was not detected
in radicles and hypocotyls at 36 HAL (Fig. 2C, marked by circle).
After 36 h, there were no detectable differences in the growth rates
of seedlings germinated from non-stratiﬁed and stratiﬁed seeds. In
both cases, the cotyledons within germinated seedlings were
stained in identical areas (Fig. 2C), 48 HAL). Therefore, those results
demonstrated that AtCSP1 is highly expressed in germinating seeds
and emerging radicles, hypocotyls and opened cotyledons with
stratiﬁcation. In contrast, in seeds that were not treated withstratiﬁcation, AtCSP1 gene expression was mainly observed within
imbibed seeds but not in expanded radicles at early germination
stage unlike stratiﬁed seeds.
3.4. Relationship of ABA and germination of atcsp1 mutants
In order to understand if the early germination phenotype of
atcsp1 is affected by ABA, germination rates were analyzed under
a variety of ABA concentrations. Seeds were placed onto MS plates
containing 1 and 5 lM ABA after stratiﬁcation and germination
was subsequently observed. On 1 lM ABA plates, the germination
of wild-type Ler seeds was delayed to 72 HAL. In contrast, however,
atcsp1 seeds were completely germinated at 36 HAL, which is an
18 h delay relative to the normal germination timing in atcsp1
seeds without ABA treatment (Fig. 3A). Under a 5 lM ABA concen-
tration, the negative impact on germination rates was more severe
than that of the 1 lM ABA concentration, however the germination
rate of atcsp1 was still higher than wild type (Fig. 3A).
A representative image documents the observed differences in
germination of Ler and atcsp1 under various ABA concentrations
(Fig. 3B). As mentioned in Fig. 2, atcsp1 germinated signiﬁcantly
earlier than wild type in the absence of ABA. Under treatment with
1 lM ABA, radicle protrusion was not evident in wild type seeds,
Fig. 2. Comparative effect of stratiﬁcation on seed germination in wild type and atcsp1 mutant. (A) Germination rate of Ler and atcsp1 with (+Str) or without (Str)
stratiﬁcation. All data represent the mean ± standard for three independent germination tests (n = 100). After stratiﬁcation treatment, all seeds were germinated under
continuous light conditions. (B) Images of germination results from Ler and atcsp1 from different time points with or without stratiﬁcation treatment. (C) Time course
evaluation of GUS expression during seed germination with or without stratiﬁcation.
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lectively, these data indicate that atcsp1 and wild type are delayed
in their germination by ABA treatment but the severity is less in
atcsp1 relative to wild type.
3.5. atcsp1 mutants exhibit enhanced germination under salt stress
The AtCSP1 gene has been associated to abiotic stress in previ-
ous studies [9,15]. As a result, we intended to verify the relation-
ship of AtCSP1 to salt stress by characterization germination
responses across a range of NaCl concentrations on MS plates.
The germination of Ler plants was signiﬁcantly delayed withrespect to the atcsp1 mutant across a broad time point range and
within both 100 and 150 mM NaCl concentrations. Speciﬁcally,
there was a visual delay in germination of approximately 12 h
when the atcsp1 mutant was germinated on 100 mM and
150 mM NaCl media relative to control conditions. In relative com-
parison, the observed delay for wild-type plants was much more
severe (Fig. 4A). As shown in a representative image of germinated
seedlings under two different NaCl concentrations at 60 HAL, the
atcsp1 mutant exhibited a clear enhancement of growth (Fig. 4B).
Additionally, we observed that atcsp1 seedling growth continued
under 150 mM NaCl, although its growth was more retarded than
what was observed under normal conditions. Taken together, these
Fig. 3. Seed germination in different ABA concentration (A) Germination rates of stratiﬁed Ler and atcsp1 seeds on MS plates with 0 (MS), 1 and 5 lM ABA treatment. All data
represent the mean ± standard for three independent germination tests (n = 100). Seeds were germinated on MS plates under continuous light conditions. (B) Images of
germination on different MS plates containing different concentrations of ABA at 42 HAL.
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during seed germination and during an early seedling growth
phase.
3.6. Subcellular localization of AtCSP1 in onion epidermal cells
To determine the subcellular localization of the AtCSP1 full
length protein, we generated an N-terminal fusion of sGFP (S65T)
to AtCSP1 which was driven by a CaMV 35S promoter (Fig. 5A).
After bombardment into onion epidermal peels, transiently trans-
formed 35S:AtCSP1:sGFP cells ﬂuoresced in both the cytosol and nu-
cleus; conﬁrming that AtCSP1 is a nucleocytosolic protein (Fig. 5B).
4. Discussion
Using a gene trap line with the GUS gene serving as a reporter,
we revealed that AtCSP1 is highly expressed in meristematic tis-
sues such as shoot apices and root tips (Fig. 1). Other AtCSPs
including AtGRP2, AtCSP2, and AtCSP3 fused with GFP showed
similar localization to meristemic tissue in reproductive and vege-
tative tissues as AtCSP1 [8,10–12]. Similar patterns of expression
were also observed in young seedling radicles, hypocotyls and
cotyledons during the germination process (Fig. 2). This pattern
of expression suggests potential regulation by auxin and further
characterization will be necessary to conﬁrm this association. In
fact, AtCSP1 expression was previously reported to be increased
by simultaneous treatment of auxin and cytokinin, implicating that
AtCSP1 may have a function in tissue development related to the
crosstalk of different hormones [17]. Although no morphologicalalterations were observed in the mutant, atcsp1 exhibited an early
germination phenotype, indicating that the AtCSP1 gene may regu-
late the timing of tissue development in a manner similar to LIN28
and the lin-28 homolog B (LIN28B) in nematodes and humans,
respectively [18,19]. LIN28, a cold shock domain protein from Cae-
norhabditis elegans, plays an important role in cell differentiation
via microRNA regulation [20]. In addition, LIN28 regulates develop-
mental timing by inﬂuencing the translation and stability of
mRNAs in P bodies during cell differentiation [21]. In accordance
with other known functions of eukaryotic CSPs, it is therefore plau-
sible that AtCSP1 may have a functional role which affects genes
associated with developmental timing. Future studies are war-
ranted and necessary to conﬁrm if the alteration in the timing of
germination in atcsp1 mutants is controlled by the mediation of
RNA stability during the early germination stage.
By analyzing germination rates and visualization of GUS stain-
ing patterns, we determined that stratiﬁcation treatment affected
seed germination within the atcsp1 mutant background (Fig. 2).
Interestingly, when seeds were not stratiﬁed prior to germination,
AtCSP1 expression was not detected in radicles; suggesting that
exposure to low temperature stimulates AtCSP1’s role for germina-
tion. Our data are in good accordance with the well documented
cold-responsiveness of AtCSP1 in seedlings [9,15,22]. The early ger-
mination phenotype of atcsp1 and the cold responsiveness of
AtCSP1 suggest that stratiﬁcation may be a functionally important
component for the regulation in the timing of embryo expansion
by AtCSP1.
The reduced sensitivity of the atcsp1 mutant to ABA is likely an
important factor affecting the early germination phenotype of
Fig. 4. Effect of NaCl on seed germination. A) Germination rates of stratiﬁed Ler and atcsp1 seeds on MS plates with 0 (MS), 100 and 200 mM NaCl treatment. All data
represent the mean ± standard for three independent germination tests (n = 100). Seeds were germinated on MS plates under continuous light conditions. (B) Images of
germination on MS plates containing different concentrations of NaCl at 60 HAL.
Fig. 5. Subcellular localization of AtCSP1 in onion epidermal cells. (A) Schematic
representation of 35S:sGFP(S65T) and 35S:AtCSP1:sGFP vectors. The coding region of
AtCSP1 was sub-cloned into the sGFP(S65T) vector for transient expression via
particle bombardment. (B) Transient analysis of subcellular localization for AtCSP1
in onion epidermal cells (Bar = 100 lM). Note the nucleocytoplasmic localization of
AtCSP1.
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has an antagonistic role with GA in relation to seed germination. In
addition, ABA is well known as a mediator of responses to low tem-
perature stress. Interestingly, AtCSP1 is suggested to be function-
ally involved with the cold acclimation process in Arabidopsis
[9]. Due to the observed early germination phenotype after strati-
ﬁcation treatment in atcsp1 mutants, it is possible that AtCSP1 is
functionally linked to crosstalk between ABA and low temperaturesignaling to promote early germination as a result of reduced sen-
sitivity to ABA. A recent report described that AtCSP1 overexpres-
sion results in a delayed timing of seed germination under salt or
dehydration stress [15]. These data are in good accordance with
our observations with early germination of atcsp1 under ABA treat-
ment and salt stress (Fig. 3 and 4). However, under our experimen-
tal conditions, the atcsp1 mutant exhibited accelerated
germination timing under even normal conditions, whereas over-
expressed AtCSP1 did not show an alteration in germination timing
[15].
AtCSP1 is known to bind to and melt nucleic acids and is pre-
dicted to function as an RNA chaperone [9]. Transient subcellular
localization analyses with 35S::AtCSP1::GFP fusion proteins showed
that AtCSP1 is a nucleocytosolic protein, consistent with a func-
tional role as a putative RNA binding protein (Fig. 5). CSPs in bac-
teria and plants have been widely proposed to function in relation
to RNA related mechanisms [9,23–25]. In addition, CSPs are also
known to associate with other factors which are critical compo-
nents of their activity. For example, YB-1, a well known vertebrate
CSP, associates with other nucleic acid binding proteins including
YB-1 itself, resulting in a functional role related to gene transcrip-
tion, translation, and RNA stability [26,27]. Taken together, we sug-
gest that AtCSP1 functions as post transcriptional regulator and a
possible factor which functions to initiate germination through
perception of low temperature signaling and ABA during early
stages of germination. The abundant expression of AtCSP1 in mer-
istematic regions of different tissues also suggests that it may have
a diverse role which impacts tissue development.
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